Prospective studies of postmenopausal women have consistently demonstrated that higher levels of circulating estradiol, estrone, and estrone sulfate are associated with an increased risk of breast cancer (1). These associations have long been thought to result from mitogenic effects mediated by the estrogen receptor.
Prospective studies of postmenopausal women have consistently demonstrated that higher levels of circulating estradiol, estrone, and estrone sulfate are associated with an increased risk of breast cancer (1) . These associations have long been thought to result from mitogenic effects mediated by the estrogen receptor.
It has been hypothesized that estrogen metabolism may also play a role in breast cancer etiology. The parent estrogens (ie, estrone and estradiol) can be irreversibly hydroxylated at the C-2, C-4, or C-16 positions of the steroid ring ( Figure 1 ) to produce estrogen metabolites that differ in their bioavailability to breast tissues (3) and activation of estrogen receptors (4) . In addition, catechol estrogens, which are formed by 2-and 4-hydroxylation, can be oxidized to form mutagenic quinones (5-7); this process is prevented by methylation of one of the adjacent hydroxyl groups (8) . Estrogens and estrogen metabolites can also be conjugated via sulfation or glucuronidation, each of which modifies bioavailability (9) .
Laboratory and clinical studies have suggested several hypotheses about how estrogen metabolism might influence the risk of breast cancer (10-13). However, robust tests of these
Background
Estrogens are recognized causal factors in breast cancer. Interindividual variation in estrogen metabolism may also influence the risk of breast cancer and could provide clues to mechanisms of breast carcinogenesis. Longstanding hypotheses about how estrogen metabolism might influence breast cancer have not been adequately evaluated in epidemiological studies because of the lack of accurate, reproducible, and high-throughput assays for estrogen metabolites.
Methods
We conducted a prospective case-control study nested within the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO). Participants included 277 women who developed invasive breast cancer (case subjects) and 423 matched control subjects; at PLCO baseline, all subjects were aged 55-74 years, postmenopausal and not using hormone therapy, and provided a blood sample. Liquid chromatography-tandem mass spectrometry was used to measure serum concentrations of 15 estrogens and estrogen metabolites, in unconjugated and conjugated forms, including the parent estrogens, estrone and estradiol, and estrogen metabolites in pathways defined by irreversible hydroxylation at the C-2, C-4, or C-16 positions of the steroid ring. We calculated hazard ratios (HRs) approximating risk in highest vs lowest deciles of individual estrogens and estrogen metabolites, estrogens and estrogen metabolites grouped by metabolic pathways, and metabolic pathway ratios using multivariable Cox proportional hazards models. All statistical tests were two-sided.
hypotheses in population studies have not been possible due to the limitations of the available assays for measuring concentrations of estrogens and estrogen metabolites. The radioimmunoassays and enzyme-linked immunosorbent assays used in recent decades to measure circulating estradiol and other parent estrogens often displayed low specificity due to antibody cross-reactivity and thus limited accuracy, especially at the low estrogen concentrations characteristic of postmenopausal women. Substantial variations in measures of estrogens and estrogen metabolites have been noted across laboratories, assay protocols, and assay kit manufacturing lots (14, 15) . Moreover, individual assays have not been developed for many estrogen metabolites. However, the recent development (16) of an accurate, reproducible, and relatively high-throughput liquid chromatography-tandem mass spectrometry (LC/MS/MS) assay to measure concurrently 15 estrogens and estrogen metabolites, in conjugated and unconjugated forms, even at the low concentrations characteristic of postmenopausal women, allows for the first time characterization of this phenotype for epidemiological study.
We used the new assay to compare the estrogen and estrogen metabolite profiles in prospectively collected serum from postmenopausal women with and without breast cancer who reported no use of exogenous hormones at the time of blood collection. Because this is the first large nested case-control study of breast cancer, to our knowledge, to measure the 15 estrogens and estrogen metabolites in circulation, five of which are found in both conjugated and unconjugated forms, we have systematically evaluated the association of each with breast cancer. We also evaluated the associations of total estrogens and estrogen metabolites (the sum of all estrogens and estrogen metabolites), seven metabolic pathway groups, and eight metabolic pathway ratios with the risk of breast cancer. The groups and ratios were based on biochemistry, metabolic pathways, and etiologic hypotheses from laboratory and clinical research. We analyzed estrogens and estrogen metabolites, individually and in total, and the metabolic pathway groups and ratios, both alone and in combination with the serum concentration of unconjugated estradiol, which is acknowledged as a strong predictor of breast cancer risk (1) , to examine whether any of these measures of estrogen metabolism contributed additional independent information for predicting the risk of breast cancer. We discuss our results with respect to previous hypotheses about mechanisms of estrogen-mediated carcinogenesis, and we consider the use of estrogen and estrogen metabolite profiles for projecting breast cancer risk.

Study Design and Population
Incident breast cancer case subjects and control subjects were drawn from the 39 116 female participants, aged 55-74 years, who were randomly assigned from 1993 through 2001 to the screening arm of the multicenter Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial (PLCO) (17) . At PLCO baseline, participants completed self-administered questionnaires that covered personal characteristics, medical history, and health-related behaviors. Also at baseline, blood samples were drawn at the screening centers and processed within 2 hours according to a standardized protocol (17) . Follow-up was conducted using annual questionnaires that were mailed to the participants. This study was approved by Institutional Review Boards at the US National Cancer Institute and the 10 participating screening centers.
Of the 39 116 female participants randomly assigned to the screening arm of the PLCO, 97% completed a baseline questionnaire and at least one annual follow-up questionnaire. Of these women, 94% were postmenopausal at baseline; of these women, 47% reported no use of menopausal hormone therapy at baseline. Among these postmenopausal non-hormone therapy users, 75% provided blood at baseline and written informed consent for use of the specimen.
CONTEXT AND CAVEATS
Prior knowledge
Serum estrogen concentration is an established predictor of breast cancer risk in postmenopausal women, but whether biomarkers of estrogen metabolism also predict the risk of breast cancer is unclear because of the lack of accurate, reproducible, sensitive, and high-throughput assays for estrogen metabolites.
Study design
A prospective case-control study nested within the Prostate, Lung, Colorectal, and Ovarian Cancer Screening Trial examining associations between the risk of breast cancer in postmenopausal women not currently using menopausal hormone therapy and serum concentrations of 15 estrogens and estrogen metabolites, in unconjugated and conjugated forms, including the parent estrogens and estrogen metabolites in pathways defined by irreversible hydroxylation at the C-2, C-4, or C-16 positions of the steroid ring, as measured by liquid chromatography-tandem mass spectrometry.
Contribution
The serum levels of nearly all estrogens, estrogen metabolites, and metabolic pathway groups were associated with an increased risk of breast cancer, but none of the associations remained statistically significant after adjusting for serum level of unconjugated estradiol. The ratio of 2-hydroxylation pathway estrogen metabolites to parent estrogens and the ratio of 4-hydroxylation pathway catechols to 4-hydroxylation pathway methylated catechols were statistically significantly associated with the risk of breast cancer, even after adjustment for unconjugated estradiol.
Implications
More extensive 2-hydroxylation of parent estrogens is associated with lower risk of postmenopausal breast cancer, and less extensive methylation of potentially genotoxic 4-hydroxylation pathway catechols is associated with higher risk of postmenopausal breast cancer.
Limitations
The study population was restricted to postmenopausal women who were not using menopausal hormone therapy at the time of blood collection, which may limit the generalizability of the findings. There was limited inter-individual variation in serum concentrations of estrogens and estrogen metabolites and high correlations among many of the analytes. There was no adjustment for multiple comparisons and thus, some of the findings could be due to chance.
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In the PLCO, incident breast cancers were ascertained primarily via annual questionnaires; incident breast cancers were also identified through state cancer registries, the National Death Index, physician reports, and next-of-kin reports. Of the breast cancers ascertained by these methods, 96.4% were subsequently confirmed by hospital records (17) .
For the initial studies of breast cancer in the PLCO, the cohort of eligible women was defined as all women randomly assigned to the PLCO screening arm who had completed the baseline questionnaire and at least one study update questionnaire, reported no history of breast cancer at baseline, provided blood at baseline or during follow-up, and given written informed consent (16) (Supplementary Table 1 , available online). As of June 30, 2005 , 1141 incident breast cancers had been ascertained within the study cohort. Control subjects (n = 1141) were randomly selected from women in the study cohort who were alive and free of breast cancer as of June 30, 2005 , and were frequency matched to case subjects on age at study entry (55-59, 60-64, 65-69, 70-74 years) and period of blood collection (before vs on or after the median collection date, September 30, 1997) .
The subjects for this analysis were drawn from this set of 1141 case subjects and 1141 control subjects, as presented in detail in Supplementary Table 1 (available online). In brief, 440 case subjects and 525 control subjects were postmenopausal and not using hormone therapy at baseline; of these, 424 case subjects and 506 control subjects also had no other cancer, other than nonmelanoma skin cancer, diagnosed during the follow-up period. We excluded an additional 57 case subjects and 70 control subjects who did not have sufficient baseline serum available for the biochemical studies. Also excluded were a total of 13 case subjects and 13 control subjects with extreme values for serum estrogens and estrogen metabolites. Extreme values were defined as those for which the sum of all estrogens and estrogen metabolites was either lower than the 25th percentile of the distribution minus three times the interquartile range, or higher than the 75th percentile of the distribution plus three times the interquartile range.
The remaining 354 case subjects and 423 control subjects represent 80% and 81%, respectively, of the 440 case and 525 control subjects who were postmenopausal and not using hormones at baseline. Of the 354 breast cancer case subjects, 75 had in situ disease and two could not be histologically confirmed and were excluded from the analyses. The final analytic sample included 277 case subjects with histologically confirmed invasive breast cancer and 423 control subjects. Finally, we considered how these exclusions might affect the characteristics of the study subjects. Of the 1141 potential case subjects and 1141 potential control subjects identified, similar percentages (94%) were postmenopausal at baseline (1076 and 1073, respectively) (Supplementary Table 1 , available online). However, of these postmenopausal women, case subjects were more likely (n = 636, or 59%) than control subjects (n = 548, or 51%) to be users of menopausal hormone therapy at baseline, a difference we anticipated given the demonstrated association between menopausal hormone therapy use and risk of breast cancer (18, 19) . The women not using hormone therapy at baseline, who were included in the analysis, were statistically significantly different with regard to several characteristics from those using hormone therapy, who were excluded; but the differences were similar for case subjects and control subjects (Supplementary  Tables 2 and 3 , respectively, available online). Specifically, among both the potential case subjects and potential control subjects, those not on hormone therapy tended to be older at baseline, black, more likely to report natural menopause, less likely to have a history of benign breast disease, and more likely to have entered the study early.
By contrast, the subsequent exclusions among non-hormone users (due to insufficient baseline serum for biochemical assays, extreme values for total estrogens and estrogen metabolites, or in situ rather than invasive breast cancer, if a case subject) resulted in only one statistically significant difference between the included and excluded case and control subjects (Supplementary Tables 4  and 5 , available online). Only menopausal hormone therapy use before baseline differed statistically significantly between women included and those excluded in this analysis, and only in the control subjects. Thus, the included control subjects were reasonably representative of female participants in the PLCO who were postmenopausal and not using hormone therapy at baseline, and the included case subjects were reasonably representative of the incident cases of invasive breast cancer that occurred among these women.
Laboratory Assays
Serum samples that were stored at 280°C since collection were thawed at 4°C and used for measurement of estrogens and estrogen metabolites. Estrone and estradiol in blood remain stable for years during long-term storage at 270°C or lower (20) .
Stable isotope dilution LC/MS/MS was used to measure concurrently 15 serum estrogens and estrogen metabolites, including the parent estrogens (ie, estrone and estradiol); metabolites in the 2-hydroxylation pathway (ie, 2-hydroxyestrone, 2-methoxyestrone, 2-hydroxyestradiol, 2-methoxyestradiol, and 2-hydroxyestrone-3-methyl ether); metabolites in the 4-hydroxylation pathway (ie, 4-hydroxyestrone, 4-methoxyestrone, and 4-methoxyestradiol); and metabolites in the 16-hydroxylation pathway (ie, 16a-hydroxyestrone, estriol, 17-epiestriol, 16-ketoestradiol, and 16-epiestriol). Details of the method for measuring serum estrogens and estrogen metabolites, including sample preparation and assay conditions, have been published previously (16) . For this study, we used six stable isotopically labeled standards to account for losses of the 15 estrogens and estrogen metabolites: deuterated 2-hydroxyestradiol, 2-methoxyestradiol and estriol (C/D/N Isotopes Inc, Pointe-Claire, QC, Canada); deuterated 16-epiestriol (Medical Isotopes Inc, Pelham, NH); and 13 C-labeled estrone and estradiol (Cambridge Isotope Laboratories, Andover, MA).
Serum from postmenopausal women contains 15 estrogens and estrogen metabolites. All are found in conjugated forms, attached to sulfate or glucuronide moieties; five (ie, estrone, estradiol, 2-methoxyestrone, 2-methoxyestradiol, and estriol) also exist in unconjugated form. Steps for measurement of unconjugated estrogens and estrogen metabolites in serum included addition of the six stable isotopically labeled standards, extraction with dichloromethane, derivatization with dansyl chloride, and LC/MS/MS. An additional step-enzymatic hydrolysis using a preparation from Helix pomatia with b-glucuronidase and sulfatase activity (Sigma Chemical Co, St Louis, MO)-enables the sum of the unconjugated and conjugated forms of each estrogen or estrogen metabolite to be measured. Subsequently, for each estrogen or estrogen metabolite, the quantity of the conjugated form was calculated as the difference between this sum and the measure of the unconjugated form.
Briefly, to measure estrogens and estrogen metabolites, we added the stable isotopically labeled standards to 1.0-mL serum samples, split the serum samples into two equal aliquots, and hydrolyzed one of the two aliquots with the b-glucuronidasesulfatase enzyme preparation. We then extracted, derivatized, and performed LC/MS/MS on each aliquot. The single chemical derivatization added a dansyl group (1-dimethyl-amino-naphthalene-5-sulfonyl) to the phenolic hydroxyl present on all estrogens and estrogen metabolites. The bulky charged dansyl group facilitates measuring the neutral lipophilic steroids by mass spectrometry, a technique that separates and detects compounds on the basis of charge and molecular weight.
For this study, we used serum samples from six postmenopausal women selected to cover a range of circulating estrogen and estrogen metabolite concentrations as quality control samples. Four quality control samples, including two aliquots from the same subject, were randomly inserted in every batch of approximately 40 samples. Laboratory personnel were blinded to both casecontrol status and quality control samples. Total laboratory coefficients of variation were less than 5% for all individual estrogens and estrogen metabolites measured and less than 3% for estrone, estradiol, and estriol. The published limit of quantitation (ie, the lower limit of absolute concentrations at which reliable precise readings can be obtained) is 8 pg/mL serum (26.5-29.6 pmol/L) for each estrogen and estrogen metabolite (16) . However, results from this study suggest that the limit of quantitation is considerably lower. The mean serum concentration of unconjugated estradiol for the six quality control samples was 15.8 pmol/L. The total laboratory coefficient of variation for unconjugated estradiol in the quality control samples was less than 2% and included both within-and between-batch variation over 6 months and all steps of the analytic procedure. Moreover, the total laboratory coefficients of variation for the two least abundant estrogen metabolites-4-methoxyestradiol (mean serum concentration = 2.9 pmol/L) and 17-epiestriol (mean serum concentration = 1.4 pmol/L)-were 4% and 3%, respectively. These low coefficients of variation indicate that estrogen and estrogen metabolite concentrations of 1-2 pmol/L are above the limit of quantitation of our assay. No assays of estrogens or estrogen metabolites in this study resulted in non-detectable readings.
Statistical Analysis
Except where noted, control subjects were weighted by the inverse sampling fraction to represent the study cohort, defined as PLCO participants in the screening arm of the trial, who had completed the baseline questionnaire and at least one study update, reported no history of breast cancer at baseline, provided DNA for genotyping at baseline or during follow-up, and given written informed consent (Supplementary Table 1 , available online). Case subjects were given a weight of 1 because no sampling occurred.
Estrogens and estrogen metabolites were analyzed individually, in groups representing metabolic pathways, and as ratios of metabolic pathways. Individual and grouped estrogens and estrogen metabolites were log-transformed using base 1.2 because in the study cohort, serum concentrations increased by approximately 20% between the 10th and 90th percentiles for most of these measures. Because the pathway ratios increased by approximately 4% between the 10th and 90th percentiles, they were logtransformed using base 1.04.
Pearson correlation coefficients were calculated using control subjects weighted to represent the study cohort and log-transformed continuous measures of estrogen and estrogen metabolism. To assess differences in distributions of breast cancer risk factors between case subjects and control subjects, weighted x 2 tests were performed. Hazard ratios (HRs) and 95% confidence intervals (CIs) were calculated using weighted Cox proportional hazards regression with attained age as the time scale (21) . Because we chose logarithmic bases as described above, the hazard ratio associated with a unit increase in the log-transformed continuous estrogen or estrogen metabolism measure approximately represents the relative risk comparing the highest with the lowest decile of the measure. The assumption of proportional hazards was tested by assessing plots of standardized Schoenfeld residuals vs attained age; the residuals showed no unusual patterns, which suggested no major violations of this assumption.
All Cox proportional hazards models were adjusted for study design factors, each entered categorically (age at study entry [in 5-year age groups]: 55-59, 60-64, 65-69, 70-74 years; period of blood collection: January 26, 1994, to September 29, 1997 [the median date at study entry], September 30, 1997, to October 17, 2001) , and accepted breast cancer risk factors, also entered categorically (age at menarche: <12, 12-13 or missing, ≥14 years; combined parity and age at birth of first child: nulliparous, ≥1 live birth and age <19 years, 1-2 live births and age 20-29 years, ≥3 live births and age 20-29 years or missing parity or missing age, ≥1 live birth and age ≥30 years; age at natural menopause: <45, 45-49, 50-54, ≥55 years, missing; type of menopause: natural menopause, surgical menopause with both ovaries removed, other or missing; previous use of menopausal hormone therapy: former, never; personal history of benign breast disease: yes, no or missing; and first-degree family history of breast cancer: yes, no or missing). Cutpoints for breast cancer risk factors are those often used in other breast cancer studies or reflect categories of response on the study questionnaire. Participants with missing data for a particular variable were assigned to the most prevalent category for that variable, as described above. Models were not adjusted for race because there were very few nonwhite subjects. None of the individual covariates modified regression coefficients associated with estrogen or estrogen metabolism measures by greater than 10%.
We also assessed whether associations between log-transformed measures of estrogen and estrogen metabolism and the risk of breast cancer were modified by the time from blood draw to diagnosis (≤1327 days [median] vs >1327 days), by the period of blood draw (January 26, 1994, to September 29, 1997, vs September 30, 1997, to October 17, 2001) , by age at study entry on 10-year groups (55-64 vs 65-74 years), or by history of menopausal hormone therapy before study entry (ever vs never). We compared risk estimates across these strata and calculated whether corresponding interaction terms were statistically significant. We also assessed whether exclusion of case subjects diagnosed within 2 years of blood collection modified the direction or magnitude of these risk estimates.
To assess whether a linear term always provided the best fit to the data, we added a quadratic term, namely, the square of the difference between the log-transformed measure for each participant and the mean of the log-transformed measure among control subjects weighted to represent the study cohort, to the linear models described above, and then tested the statistical significance of the quadratic term. For most of the estrogen and estrogen metabolism measures, the quadratic term was not statistically significant. Nevertheless, even for associations with evidence of some deviation from linearity, we chose to present the linear models to summarize the associations of the measures of estrogen and estrogen metabolism with the risk of breast cancer.
We also present forest plots of hazard ratios for quintiles of serum concentrations of estrogens, estrogen metabolites, metabolic pathway groups, and metabolic pathway ratios, based on the distributions of these measures in control subjects weighted to represent the study cohort. These analyses required no assumptions about the linearity of the relationship of the measure of interest with breast cancer. All models were adjusted for the study design factors and accepted breast cancer risk factors described previously, with the same categorizations.
For estrogens, estrogen metabolites, metabolic pathway groups, and metabolic pathway ratios, the statistical significance of trends in risk was assessed using P values associated with the log-transformed continuous measures. All P values were based on two-sided tests; P values less than or equal to .05 were considered statistically significant. With a sample of 277 case subjects and 423 control subjects, the power to detect a trend across quintiles, if the relative risk comparing the highest to the lowest quintile is 2.0, exceeds 80%.
We did not adjust for multiple comparisons. To assess the robustness of our findings for specific estrogen and estrogen metabolism measures, we used log-transformed continuous and categorical measures, both without and with adjustment for unconjugated estradiol, in our models and emphasized the findings that were consistent across the models.
Finally, we assessed the degree to which estimates of the absolute risk of breast cancer based on the serum concentration of unconjugated estradiol alone would be altered by adding an additional estrogen or estrogen metabolism measure into the prediction model. More specifically, for each individual control subject, we first calculated the hazard ratio for unconjugated estradiol alone as
where X 1 is the log of unconjugated estradiol for that individual control subject and X 1 is the mean of log-transformed unconjugated estradiol among control subjects. We then calculated the hazard ratio for unconjugated estradiol and one additional estrogen or estrogen metabolism measure as
where X 2 corresponds to the log of the other measure. The models used to estimate the two hazard ratios also included the study design factors and accepted breast cancer risk factors described previously, with the same categorizations.
Absolute individual risks of breast cancer can be computed based on fitted models and the assumption that over a short interval, such as 1 year, in which competing causes of death can be ignored, the absolute risk of disease is proportional to the relative risk. To calibrate absolute risks for the sample of control subjects, we first multiplied the hazard ratio by a scale factor that was chosen so that the average risk of breast cancer in control subjects equaled the invasive breast cancer incidence rate, µ
5 person-years) (22) . The incidence rate for each control subject corresponding to her individual estrogen and estrogen metabolite profile was calculated as I1 = (µ × HR1)/mean (HR1) and I2 = (µ × HR2)/mean (HR2), where mean (HR1) and mean (HR2) are the mean hazard ratios for the control subjects. The incidence rates were plotted for each control subject, with I2 on the ordinate and I1 on the abscissa. If the two rates are equal, they will fall on a diagonal line. Points outside the dotted lines on the plots indicate that the estimated rate I2 differs from I1 by more than 50 cases per 10 5 person-years.
Results
The median time from PLCO entry to breast cancer diagnosis for the case subjects was 4.3 years (interdecile range = 1.7-8.4 years). Median follow-up among the participants in the study cohort was 8.4 years (interdecile range = 5.7-10.7 years). The median age at entry into the study cohort was 63 years; 88% of the study cohort was non-Hispanic white. Additional characteristics of the case and control subjects in this study, and the study cohort from which they were drawn, are presented in Table 1 .
The median serum concentrations of estrogens, estrogen metabolites, and metabolic pathway groups, with interdeciles ranges, for case subjects and control subjects are presented in Table 2 . Only five of the 15 estrogens and estrogen metabolitesestrone, estradiol, 2-methoxyestrone, 2-methoxyestradiol, and estriol-were present in both conjugated and unconjugated forms. Among the control subjects, the parent estrogens (conjugated estrone, unconjugated estrone, conjugated estradiol, and unconjugated estradiol) constituted approximately 39% of total estrogens and estrogen metabolites (31%, 5%, 1.8%, and 1.4%, respectively). Estrogen metabolites in the 2-, 4-, and 16-hydroxylation pathways accounted for approximately 12%, 3%, and 47%, respectively, of total estrogens and estrogen metabolites. Case subjects had higher median serum concentrations of nearly all estrogens, estrogen metabolites, and metabolic pathway groups compared with control subjects.
Log-transformed serum concentrations of estrogens and estrogen metabolite were moderately to highly correlated (Supplementary Table 6 , available online). For example, the Pearson correlation coefficients between the serum concentration of unconjugated estradiol and serum concentrations of total estrogens and estrogen metabolites, parent estrogens, and the 2-, 4-, and 16-hydroxylation pathways were 0.66, 0.66, 0.65, 0.58, and 0.66, respectively.
For total estrogens and estrogen metabolites, parent estrogens, estrone, estradiol, and the 2-, 4-, and 16-hydroxylation pathways, including many of the metabolites in these pathways, the risk of breast cancer was increased by approximately 70%-80% across the interdecile range of serum concentrations, in models that included only a single estrogen or estrogen metabolism measure ( Table 3 ). All of these associations were statistically significant except that for the 2-hydroxylation pathway. Among the parent estrogens, the serum concentration of unconjugated estradiol was most strongly associated with the risk of breast cancer (HR = 2.07, 95% CI = 1.19 to 3.62, P trend = .01). As noted in Table 3 , for some estrogen and estrogen metabolism measures, an additional quadratic term was statistically significantly associated with the risk of breast cancer, which suggests a nonlinear component for these associations.
Because of the high correlations among estrogens, estrogen metabolites, and measures of estrogen metabolism (Supplementary Table 6 , available online), we examined whether any of the measures predicted risk independently of the recognized association with unconjugated estradiol. No individual estrogen, estrogen metabolite, or metabolic pathway group remained statistically significantly associated with the risk of breast cancer after adjusting for unconjugated estradiol; the hazard ratio associated with unconjugated estradiol was also attenuated in many of these same models ( Table 3) .
The ratio of the 2-hydroxylation pathway to parent estrogens (HR = 0.66; 95% CI = 0.51 to 0.87, P trend = .003) and the ratio of the 2-hydroxylation pathway to the 16-hydroxylation pathway (HR = 0.62; 95% CI = 0.45 to 0.86, P trend = .005) were statistically significantly associated with a reduced risk of breast cancer, and the ratio of 4-hydroxylation pathway catechols to 4-hydroxylation pathway methylated catechols was statistically significantly associated with an increased risk of breast cancer (HR = 1.34; 95% CI = 1.04 to 1.72, P trend = .02) ( Table 3) . After adjustment for unconjugated estradiol, these hazard ratios changed minimally; however, the association between the ratio of the 2-hydroxylation pathway to the 16-hydroxylation pathway and the risk of breast cancer became non-statistically significant (HR = 0.69; 95% CI = 0.47 to 1.02, P trend = .07). When we included unconjugated estradiol, the ratio of the 2-hydroxylation pathway to parent estrogens, and the ratio of 4-hydroxylation pathway catechols to 4-hydroxylation pathway methylated catechols in a single regression model, only the ratio of the 2-hydroxylation pathway to parent estrogens (HR = 0.68, 95% CI = 0.48 to 0.94) and the ratio of the 4-hydroxylation pathway catechols to 4-hydroxylation pathway methylated catechols (HR = 1.38, 95% CI = 1.08 to 1.77) remained statistically significantly associated with the risk of breast * Percentages reflect weighted counts and refer to the study cohort. † P values are based on two-sided x 2 tests that weight control subjects to make them representative of the study cohort. ‡ Participants with missing data for age at menarche (n = 2), parity (n = 3), or age at birth of first child (n = 3), family history of breast cancer (n = 3), and history of benign breast disease (n = 12) were assigned to the most prevalent categories for those variables. Two control subjects had missing data for race. Missing data for other variables were handled as a separate category as indicated.
cancer, whereas the association between unconjugated estradiol and the risk of breast cancer was substantially attenuated and no longer statistically significant (HR = 1.31; 95% CI = 0.65 to 2.64). Figure 2 shows forest plots of hazard ratios for breast cancer by quintiles of unconjugated estradiol, total estrogens, and estrogen metabolites, and the three measures that showed evidence of estradiol-independent associations with the risk of breast cancer (ie, the ratio of the 2-hydroxylation pathway to parent estrogens, the ratio of the 2-hydroxylation pathway to the 16-hydroxylation pathway, and the ratio of 4-hydroxylation pathway catechols to 4-hydroxylation pathway methylated catechols). Plots for total estrogens and estrogen metabolites and the three measures of estrogen metabolism are presented without and with adjustment for unconjugated estradiol. In general, patterns of association were neither strictly monotonic nor indicative of a threshold effect; however, the 95% confidence intervals around the hazard ratio for each quintile were wide. Forest plots of hazard ratios for breast cancer by quintiles of the other individual estrogens and estrogen metabolites, the metabolic pathway groups, and the other metabolic pathway ratios are given in Supplementary Figure 1 (available online).
We assessed whether the risk associations for all estrogen and estrogen metabolism measures listed in Figure 2 were modified by time from blood draw to diagnosis, by period of blood draw (and therefore by the length of time blood was stored before assay), by age at study entry, or by history of menopausal hormone therapy; no statistically significant interactions were noted (data not shown). Similarly, exclusion of case subjects who were diagnosed with breast cancer within 2 years of blood collection did not modify the risk estimates in a meaningful way (data not shown).
Next, we assessed the degree to which information about total estrogens and estrogen metabolites or the three metabolic pathway ratios of interest would alter estimates of the absolute risk of breast cancer that were based on the serum concentration of unconjugated estradiol alone in a hypothetical population of women with estrogen and estrogen metabolite profiles similar to those observed in our cohort. We plotted the breast cancer rate estimate associated with the estrogen and estrogen metabolite profile of each control subject, which was calculated from models that included both unconjugated estradiol and an additional measure of interest, against the breast cancer rate estimate for each control subject derived from models that included only unconjugated estradiol (Figure 3) . The rate estimates were calibrated to the 2004-2006 SEER incidence rate for white women aged 60-64 years, which was 357 breast cancers per 10 5 person-years. When total estrogens and estrogen metabolites were included in the model with unconjugated estradiol, less than 14% of women had a breast cancer rate estimate that changed by more than 50 cancers per 10 5 personyears (Figure 3, A) . By contrast, breast cancer rate estimates changed by greater than 50 cancers per 10 5 person-years for 36%, 30%, and 23% of women when the ratio of the 2-hydroxylation pathway to parent estrogens (Figure 3, B) , the ratio of the 2-hydroxylation pathway to the 16-hydroxylation pathway (Figure 3, C) , and the ratio of 4-hydroxylation pathway catechols to 4-hydroxylation pathway methylated catechols (Figure 3, D) , respectively, were added to a model with unconjugated estradiol.
Discussion
In this study, serum concentrations of unconjugated estradiol, unconjugated estrone, conjugated estrone, and many estrogen metabolites were statistically significantly associated with an Table 2 . Serum concentrations of estrogens and estrogen metabolites (in pmol/L) in conjugated* and unconjugated forms, measured in 423 control subjects weighted to represent the study cohort and 277 case subjects with incident invasive breast cancer * Conjugated estrogens and estrogen metabolites include sulfated and glucuronidated forms. † 4-Hydroxyestrone is the only 4-hydroxylation pathway catechol found in circulation. Therefore, the medians and interdecile ranges are the same for both these measures. Table 3 . Hazard ratios (HRs) and 95% confidence intervals (CIs) for invasive breast cancer associated with the change in risk across the interdecile range of serum concentrations of estrogens and estrogen metabolites, individually, in metabolic pathway groups, and as metabolic pathway ratios* October 17, 2001 ; age at menarche: <12, 12-13 or missing, ≥14 years; combined parity and age at birth of first child: nulliparous, ≥1 live births and age <20 years, 1-2 live births and age 20-29 years, ≥3 live births and age 20-29 years or missing parity or missing age, ≥1 live births and age ≥30 years; age at natural menopause: <45, 45-49, 50-54, ≥55 years, missing; type of menopause: natural menopause, surgical menopause with both ovaries removed, other or missing; first-degree family history of breast cancer: yes, no or missing; personal history of benign breast disease: yes, no or missing; previous use of menopausal hormone therapy: former, never. HRs correspond to a unit increase in log 1.04 (metabolic pathway ratio) or in log 1.2 (estrogen, estrogen metabolite, or metabolic pathway group). These logarithmic bases were chosen so that a unit increase in the logarithm corresponds approximately to an increase in the measure from the 10th to the 90th percentile (in weighted control subjects). NA = not applicable. † Model includes the estrogen or estrogen metabolism measure in addition to the covariates listed above. ‡ Model includes unconjugated estradiol, the estrogen or estrogen metabolism measure, and the covariates listed above. § Risk associations for these measures were found to have a statistically significant quadratic component in addition to the linear component. Although these associations show deviation from linearity, the linear relation is presented here as a convenient summary description.
║ 4-Hydroxyestrone is the only 4-hydroxylation pathway catechol. Therefore, estimates of association are the same for both these measures.
increased risk of postmenopausal breast cancer. The risk of breast cancer was doubled when women in the highest decile of serum concentration were compared with women in the lowest decile, a finding that is consistent with a pooled analysis of prospective data available worldwide (1) . The sum of all the estrogens and estrogen metabolites measured, including conjugated and unconjugated forms, was not more strongly associated with the risk of breast cancer compared with unconjugated estradiol. We identified three metabolic pathway ratios that were associated with the risk of breast cancer even after adjustment for circulating levels of unconjugated estradiol: the ratio of the 2-hydroxylation pathway to parent estrogens, the ratio of the 2-hydroxylation pathway to the 16-hydroxylation pathway, and the ratio of 4-hydroxylation pathway catechols to 4-hydroxylation pathway methylated catechols. We found that inclusion of any of these three measures of estrogen metabolism in a model appreciably changed the estimated absolute risk of breast cancer for many women compared with risk predicted on the basis of unconjugated estradiol alone.
The ratio of the 2-hydroxylation pathway to parent estrogens was associated with a statistically significantly decreased risk of breast cancer after adjustment for unconjugated estradiol. In this study, this ratio was more strongly associated with the risk of breast cancer compared with the ratio of 2-hydroxylation pathway to 16-hydroxylation pathway or unconjugated estradiol alone. Compared with estrogens and other estrogen metabolites, 2-hydroxylation pathway catechols have relatively low affinities for estrogen receptors (4) and are rapidly cleared from circulation (23) . Thus, 2-hydroxylation may result in a decrease in bioavailable estrogens and reduced estrogen receptor-mediated signaling in the breast.
In this study, the ratio of the 2-hydroxylation pathway to the 16-hydroxylation pathway was associated with a non-statistically significantly decreased risk of breast cancer after adjustment for unconjugated estradiol (HR = 0.69; 95% CI = 0.47 to 1.02). Although this study is the first to our knowledge to evaluate the entire 2-and 16-hydroxylation pathways in postmenopausal women, a number of epidemiological studies have assessed the risk of postmenopausal breast cancer in association with concentrations of 2-hydroxyestrone, 16a-hydroxyestrone, or their ratio, as measured in urine or blood. Two early retrospective studies with 42 (24) and 65 (25) breast cancer case subjects each found a statistically significant, inverse association between the ratio of 2-hydroxyestrone to 16a-hydroxyestrone in urine and the risk of breast cancer. Other epidemiological studies of these metabolites, including some larger retrospective studies (26) (27) (28) and all prospective studies conducted to date (29) (30) (31) (32) (33) (34) (35) , have not provided clear support for the hypothesis that this ratio is associated with reduced breast cancer risk. Although there were some statistically significant subgroup findings in some of the prospective studies (27, 33, 34) , they were not consistently reported across studies. All previous studies relied on immunoassays to measure estrogens and estrogen metabolites, and these mixed largely negative findings may reflect limitations in the specificity, sensitivity, and reproducibility of those assays (36) .
To our knowledge, this is the first epidemiological study of breast cancer risk with direct measures of circulating estrogen metabolites in the 4-hydroxylation pathway. In this study, the ratio of catechols to methylated catechols in the 4-hydroxylation pathway was associated with statistically significantly increased risk of breast cancer. This result is consistent with the hypothesis that mutagenic quinones derived from 4-hydroxylation pathway catechols contribute to pathogenesis of postmenopausal breast cancer. Catechols in both the 2-and 4-hydroxylation pathways can be oxidized to form quinones; these reactive electrophiles can then react with DNA to form a variety of adducts (37, 38) . Methylation of the catechols prevents their conversion to reactive quinones (39) . Whereas the most common DNA adducts derived from 4-hydroxylation pathway catechols are depurinating and highly mutagenic (7, 40) , most of those derived from 2-hydroxylation pathway catechols are stable and can be repaired with little error (5); this difference may explain why 2-hydroxylation pathway catechols are not potent carcinogens in animal models of estrogen-mediated cancers (41) (42) (43) and why their ratio to the corresponding methylated catechols was not statistically significantly associated with the risk of breast cancer in this study.
This study has several notable strengths. The PLCO cohort is a large prospective study with standardized specimen collection and storage. The estrogen and estrogen metabolite profiles resulting from the LC/MS/MS assay included five estrogens and estrogen metabolites found in circulation in both conjugated and unconjugated forms and 10 found in conjugated form only, and therefore provide a novel phenotypic characterization of individual patterns of estrogen metabolism. Most previous epidemiological tests of hypotheses about associations between estrogen metabolism and breast cancer relied on immunoassays, which were available only for a few estrogens and estrogen metabolites and had limited sensitivity, specificity, and reproducibility, especially at the low serum and urinary concentrations that are typical of postmenopausal women (14, 15) . Other tests of these hypotheses have been based on measurements of common genetic polymorphisms in estrogen metabolism pathways, which are likely to have small individual effects on the estrogen and estrogen metabolite phenotype (44, 45) .
This study also has four major limitations. First, consistent with most previous studies of endogenous steroid hormone levels and risk of postmen opausal breast cancer, we included only case subjects and control subjects who were postmenopausal and not using menopausal hormone therapy at the time of blood collection. This decision may limit the generalizability of the findings but allowed us to investigate endogenous estrogen metabolism unperturbed by exogenous estrogens. However, it is reassuring to note that associations between estrogen and estrogen metabolism measures and the risk of breast cancer did not differ between subgroups of women who had and had not used menopausal hormone therapy before PLCO study entry.
A second concern is the limited interindividual variation in serum concentrations of estrogens and estrogen metabolites observed in this study. There was less variability in serum concentrations of estradiol and estrone in our study sample compared with those reported in previous studies of postmenopausal women that relied on immunoassays. The lower concentrations and more limited ranges observed in this study are consistent with the improved specificity of our assay, as shown in a recent comparison of urinary estrogen and estrogen metabolite measures obtained using traditional immunoassays and the LC/MS/MS technique Figure 2 . Forest plots of hazard ratios (HRs) for invasive breast cancer and 95% confidence intervals (CIs) by quintiles of unconjugated estradiol, total estrogens and estrogen metabolites, and selected metabolic pathway ratios. HRs (black rectangles) are shown on a log scale. Gray lines represent 95% CIs. Quintiles are abbreviated Q1, Q2, Q3, Q4, and Q5 and were defined based on distributions of these measures among control subjects weighted to represent the study cohort. Models shown on the right-hand side were adjusted for log-transformed (to the base 1.2) continuous unconjugated estradiol. All models were adjusted for age at study entry: 55-59, 60-64, 65-69, 70-74 years; period of blood collection: January 26, 1994 Comparison of estimated absolute risks of breast cancer (expressed as incidence rates, in cases per 10 5 person-years) for each study control subject. Estimated risks were based on relative hazard (Cox) models for the estrogen and estrogen metabolite profile of each control subject. One model included unconjugated estradiol only (x-axis), and the other model included both unconjugated estradiol and an additional measure of interest (y-axis): total estrogens and estrogen metabolites (A); the ratio of the 2-hydroxylation pathway to parent estrogens (B); the ratio of the 2-hydroxylation pathway to the 16-hydroxylation pathway (C); and the ratio of 4-hydroxylation pathway catechols to 4-hydroxylation pathway methylated catechols (D). Absolute risk estimates were calibrated using breast cancer incidence rates for white women, aged 60-64 years, in the 2004-2006 Surveillance, Epidemiology, and End Results population (357 cases per 10 5 personyears), as described in the "Methods" section. Each dot represents two estimated absolute risks for each control subject. If the two risks are equal, they will fall on a diagonal line. Upper and lower dashed lines demarcate risk predictions that differ by at least 50 cases per 10 5 person-years. To estimate relative hazards from Cox models, estrogen and estrogen metabolism measures were log-transformed and the following covariates were included: age at study entry: 55-59, 60-64, 65-69, 70-74 years; period of blood collection: January 26, 1994, to September 29, 1997, September 30, 1997, to October 17, 2001 ; age at menarche: <12, 12-13 or missing, ≥14 years; combined parity and age at birth of first child: nulliparous, ≥1 live birth and age <20 years, 1-2 live births and age 20-29 years, ≥3 live births and age 20-29 years or missing parity or missing age, ≥1 live birth and age ≥30 years; age at natural menopause: <45, 45-49, 50-54, ≥55 years, missing; type of menopause: natural menopause, surgical menopause with both ovaries removed, other or missing; firstdegree family history of breast cancer: yes, no or missing; personal history of benign breast disease: yes, no or missing; previous use of menopausal hormone therapy: former, never. combined parity and age at birth of first child: nulliparous, ≥1 live birth and age <20 years, 1-2 live births and age 20-29 years, ≥3 live births and age 20-29 years or missing parity or missing age, ≥1 live birth and age ≥30 years; age at natural menopause: <45, 45-49, 50-54, ≥55 years, missing; type of menopause: natural menopause, surgical menopause with both ovaries removed, other or missing; first-degree family history of breast cancer: yes, no or missing; personal history of benign breast disease: yes, no or missing; previous use of menopausal hormone therapy: former, never. P for trend was based on two-sided Wald tests of the coefficient associated with a unit increase in log 1.2 -transformed unconjugated estradiol, in log 1.2 -transformed total estrogens and estrogen metabolites, or in log 1.04 -transformed metabolic pathway ratios. used in this study (15) . A third limitation is that serum concentrations of most estrogens and estrogen metabolites were highly correlated in this study. Limited interindividual variability in concentrations of estrogens and estrogen metabolites and high correlations among many of these measures mean that definitive identification of any individual estrogens, or estrogen metabolites with independent roles in carcinogenesis may require very large sample sizes.
A fourth concern arises from the number of comparisons made in the present analysis. Because our LC/MS/MS method permitted study of circulating levels of 15 individual estrogens and estrogen metabolites for the first time in an epidemiological study, we systematically examined risk associations for each of them: 10 were detected only in conjugated forms and five in both conjugated and unconjugated forms. We also evaluated the associations with a number of derived measures, including the sum of all estrogens and estrogen metabolites, seven metabolic pathway groups, and eight metabolic pathway ratios. These groups and ratios were motivated by recognized metabolic pathways, shared biochemistry, and etiologic hypotheses. We have not adjusted for multiple comparisons because our primary aim was to identify promising predictive measures. Thus, it is possible that some of our findings are due to chance. We have some confidence in our findings because the associations with unconjugated and conjugated estrone and unconjugated estradiol that we report have been previously established (1) . We recognize that all of our results require independent confirmation in additional welldesigned studies.
Much of the experimental research on estrogen-mediated carcinogenesis over the last 30 years has focused on whether the underlying mechanism is related to the role of estrogen as a mitogen that stimulates breast cell proliferation through activation of the estrogen receptor, or its role as a precursor to a potent mutagen. Our findings support the recent suggestion (13) that both of these mechanisms may contribute to estrogen-mediated carcinogenesis. Specifically, our results point to three estrogen-related factors that may contribute to breast cancer pathogenesis in postmenopausal women: the quantity of available estrogens, the extent of 2-hydroxylation of parent estrogens, and the extent of methylation of 4-hydroxylation pathway catechols. Additional prospective studies will be required to test these specific findings and provide more information about circulating estrogens and estrogen metabolites in postmenopausal women, their associations with the risk of breast cancer, and the best models for describing those associations. If these biomarkers of estrogen metabolism are confirmed as predictors of breast cancer risk, they may become useful clinically and may suggest targets for preventive interventions.
